To demonstrate the cellular and subcellular localization of mouse vasa homologue protein during germ cell development, speci®c antibody was raised against the full-length MVH protein. The immunohistochemical analyses demonstrated that MVH protein was exclusively expressed in primordial germ cells just after their colonization of embryonic gonads and in germ cells undergoing gametogenic processes until the post-meiotic stage in both males and females. The co-culture of EG cells with gonadal somatic cells indicated inductive MVH expression caused by an intercellular interaction with gonadal somatic cells. In adult testis, MVH protein was localized in the cytoplasm of spermatogenic cells, including chromatoid bodies in spermatids, known to be a perinuclear nuage structure which includes polar granules that contain VASA protein in Drosophila. q
Introduction
The regulatory mechanisms underlying germline segregation have been extensively investigated in many animal species since the germline is a unique cell lineage that plays an important role in transmitting genetic and developmental information to the next generation. Characteristic cytoplasmic structures known as germ plasm, which contain putative maternal factors for the determination of germ cell lineage, have been found in the eggs of many animals. For instance, pole plasm in Drosophila, which is localized in the posterior end of the oocyte, is restrictively distributed to cells (pole cells) that become a founding population of primordial germ cells (PGCs; for review see Eddy, 1975) .
Genetic screening for the maternal-effect mutants in Drosophila has revealed several genes responsible for the formation of pole granules and for the germ cell determination. Among them, the vasa gene which encodes an ATPdependent RNA helicase of the DEAD-box protein family (Lasko and Ashburner, 1988; Hay et al., 1990) has been the best characterized. Homozygous females for the vasa mutation give rise to sterile progenies because of the lack of pole cells. VASA protein is speci®cally localized in polar granules and then speci®cally expressed throughout germ cell development (Hay et al., 1988 (Hay et al., , 1990 Lasko and Ashburner, 1988) . Based on the structural conservation, many homologue genes to Drosophila vasa have been isolated in various animal species: C. elegans (Roussell and Bennett, 1993) , planarian (Shibata et al., 1999) , Xenopus , zebra®sh (Olsen et al., 1997; Yoon et al., 1997) , mouse (Fujiwara et al., 1994) and rat (Komiya and Tanigawa, 1995) . All of the vasa homologue genes have exhibited a germline-speci®c expression and have provided speci®c molecular probes with which to distinguish the developmental pro®le of germ cells in each animal species.
On the other hand, in mammals, no structure analogous to the germ plasm has ever been observed in eggs or PGCs.
Unlike many other animals, mammalian germ cell determination is thought to be independent of the inheritance of maternal factors, but dependent upon the inductive cellular interaction during gastrulation stages (Tam and Zhou, 1996; Lawson et al., 1999) . Indeed, fate map analysis using single cell labeling has shown that mouse PGCs must originate from the proximal region of the epiblast close to the extraembryonic ectoderm in 6.5 day post-coitum (d.p.c.) embryos (Lawson and Hage, 1994) and transplantation experiments have shown that epiblast cells of 6.5 d.p.c. embryos have an equal potency to enter the germ cell lineage (Tam and Zhou, 1996) . Mouse PGCs can be identi®ed by their characteristic patterns of alkaline phosphatase (AP) activity in the 7.25 d.p.c. embryo. At this stage, about 100 cells are identi®ed with AP activity at the caudal end of the primitive streak in the extraembryonic mesoderm (Ginsburg et al., 1990; MacGregor et al., 1995) . Then, the putative PGCs which are found in the base of the allantois (7.5±8.5 d.p.c.) migrate through the hindgut to the dorsal body wall before ®nally reaching the genital ridges (10.5±11.5 d.p.c.). After colonizing the gonads, PGCs initiate their differentiation leading to gametogenesis in a sex-dependent manner (13.5 d.p.c.) . However, the AP activity and other markers such as SSEA-1 staining (Solter and Knowles, 1978) and Oct 3/4 expression (Palmieri et al., 1994; Yeom et al., 1996) are not strictly speci®c for germ cells but rather are common characteristics in totipotential cells and/or some somatic stem cells, which makes it dif®cult to interpret events related to the determination and differentiation of germ cells.
In a previous study, we cloned a mouse vasa homologue (Mvh) gene and demonstrated germ cell-speci®c expression (Fujiwara et al., 1994) . Furthermore, we have recently found that targeted disruption of the Mvh gene resulted in serious defects in germ cell development, including male sterility (Tanaka et al., 2000) . The objective of this study was to determine precisely the cellular and subcellular distribution of MVH protein during mouse germ cell development. For this purpose, speci®c antibody against a recombinant MVH protein was prepared and utilized as an immunological probe. The immunohistochemical analyses showed that the expression of MVH protein was exclusively restricted to PGCs during embryogenesis and gametogenesis in both sexes. Moreover, electron microscopic immunocytochemical analysis demonstrated that MVH protein was closely associated with chromatoid bodies that existed in spermatocytes and spermatids. The chromatoid body is well known as a perinuclear electron-dense body found in the testicular germ cells of many animal species. Based on similarities in the formation processes and composition, the chromatoid body is classi®ed as a nuage structure, including germ plasm such as P-granules in C. elegans and pole granules in Drosophila. With respect to the analogy with VASA protein localized in the germ plasm, our ®nding suggests that the molecular function of VASA-family protein is evolutionally conserved at least in a part of the chromatoid body during spermatogenesis in mammals.
Results

Expression of MVH protein is con®ned to the primordial germ cells which colonized the embryonic gonads
Our previous study using antibody raised against 30 mer synthesized oligopeptide corresponding to the N-terminal region (Fujiwara et al., 1994) demonstrated that MVH protein of 85 kDa was expressed in PGCs in 12.5 d.p.c. embryonic gonads and spermatogenic cells in adult testis. However, the anti-oligopeptide antibody was not reactive enough to enable us to examine the detailed cellular and subcellular distributions of MVH protein. Therefore, we prepared anti-MVH antibody using the full-length MVH protein as the antigen. By immunoblot analysis using the anti-MVH antibody, a speci®c single band of 85 kDa was detected in adult testis extract (Fig. 1A) , consistent with previous results. To investigate the appearance and precise localization of MVH-expressing cells in developing embryos, whole-mount staining with anti-MVH was performed on 7.5±12.5 d.p.c. embryos (Fig. 1) . In 7.5±9.5 d.p.c. embryos, no MVH-positive cells were observed. This observation was supported by immunohistochemical analysis of serial sections of 9.5 d.p.c. embryos. Staining with 4C9 monoclonal antibody, which is known to recognize a cell surface carbohydrate of mouse migrating PGCs (Yoshinaga et al., 1991) , revealed the localization of PGCs migrating within the hindgut endoderm ( Fig. 2A) . In contrast, anti-MVH staining in the adjoining sections did not reveal any MVH-positive cells, indicating that PGCs in the migrating stage do not express MVH protein (Fig. 2B) . MVH-positive cells were found inside the undifferentiated genital ridges of 10.5±11.5 d.p.c. embryos, but they were not found in any other tissues (Fig. 1B±D) . In 12.5 d.p.c. gonads, the positive cells were clearly detected in both males and females and appeared to increase in number compared with those in 10.5±11.5 d.p.c. gonads (Fig. 1F,G) . Section staining of 10.5±12.5 d.p.c. gonads revealed that MVH expression was exclusively restricted to PGCs residing in 10.5±12.5 d.p.c. embryonic gonads (Fig. 2C±H ).
MVH expression is induced by interaction with gonadal somatic cells
As described above, the timing of MVH expression in PGCs appeared to be coincident with the onset of cellular interaction between germ cells and gonadal somatic cells. Assuming that EG cells, which are derived from PGCs at the migrating stage, maintain the developmental competency of the migrating PGCs, we attempted to examine the possibility that cellular contact with gonadal somatic cells could induce EG cells to express MVH protein by co-culturing in a Matrigel system. One of our previous studies showed that neither EG cells nor ES cells (derived from ICM) in the proliferating condition (with LIF) exhibited detectable MVH expression (Fujiwara et al., 1994) . We found the same in the present study when EG cells were cultured alone in the absence of LIF and bFGF in the Matrigel system at least within 3 days of culture (Fig. 3A , lane 3 and Fig. 3C,D) . Gonadal somatic cells prepared from male gonads of 12.5 d.p.c. embryos, which exhibited no MVH expression (Fig.  3A , lane 2), were mixed with EG cells (1:1 ratio) to form cell-aggregates in Matrigel. After 3 days of culture the EG cells were induced to express MVH protein in the mixed aggregates (Fig. 3A , lane 4 and Fig. 3E,F) . The level of the expression appeared to be nearly equivalent to that when the fractionated PGCs were used for the same aggregation culture (Fig. 3A , lanes 1 and 4). MVH protein expression was not turned on when EG cells were aggregated with nongonadal STO cells (lane 5). Induction of MVH expression in EG cells by co-existence of gonadal somatic cells was also detected with RT-PCR analysis (Fig. 3B ), suggesting that novel expression of MVH protein is due to transcriptional activation of the Mvh gene. Furthermore, when ES cells were used instead of EG cells under the same co-culture conditions, the resulting aggregates showed no induction of MVH expression (Fig. 3A , lanes 6 and 7). These results were reproducibly obtained using several different lines of EG cells (derived from PGCs of both male and female 8.5 d.p.c. embryos) and ES cells (E14 and D3, data not shown).
MVH is expressed in germ cells during oogenesis and spermatogenesis
To determine the intracellular localization of MVH protein during mammalian gametogenesis, immunocytochemical analyses of mouse adult ovary and testis sections were performed using confocal scanning images. In adult ovaries, MVH protein was localized in the cytoplasm of developing oocytes but not in any somatic cells such as follicle cells (Fig. 4) . The strongest expression of MVH was detected in the cytoplasm of primordial oocytes and the expression appeared to decrease in amount as the maturation proceeded. It is noteworthy that no particular cytoplasmic structure stained was found in any stage of the oocytes, even though the serial sections were scanned in great detail. Finally, anti-MVH staining disappeared completely in all regions of the cytoplasm of mature oocytes in antral follicles.
Immunostaining of testis sections showed that MVH protein was speci®cally expressed in germ cells at stages from the spermatogonium to round spermatids, with the strongest expression at the early spermatocyte stage (Fig.  5A) . MVH protein appears to be exclusively localized in the cytoplasm of these spermatogenic cells, and some granular staining was observed in late pachytene spermatocytes and round spermatids. Confocal scanning images revealed detailed subcellular localization in different spermatogenic stages of the seminiferous tubules (Fig. 5E±I ). In cells from spermatogonia to leptotene spermatocytes, the accumulation of MVH protein was relatively low and the staining was distributed uniformly in the cytoplasm. In contrast, many diminutive granular stainings were observed in the cytoplasm of zygotene spermatocytes (Fig. 5B ). In the cytoplasm of pachytene to diplotene spermatocytes, three to ®ve stained granules were detectable in the vicinity of nuclei (Fig. 5C ). After meiotic division, MVH protein was found to be predominantly localized in a single large granule with a spherical shape in the perinuclear site of round spermatids (Fig. 5D ). Single granular staining was detectable in round spermatids residing in the seminiferous tubules at stages I± VI, and disappeared in spermatids in stage VII±VIII seminiferous tubules (Fig. 5E±I) , corresponding to the timing of initiation of elongation of spermatid nuclei. These characteristics of subcellular localization of the stained granules appear to be coincident with those of the so-called chromatoid body, a perinuclear electron-dense structure found in testicular cells in many animal species (Fawcett et al., 1970; Eddy, 1975) .
To ascertain that the perinuclear granule stained with anti-MVH is a chromatoid body, immuno-electron microscopic analysis was performed using a gold particle-conjugated secondary antibody. As shown in Fig. 6 , MVHpositive signals in a round spermatid were predominantly focused on the chromatoid body, which was easily distinguishable by its unique structural characteristics, whereas no signi®cant signals were detected in any other organelles such as mitochondria and nuclei.
Expression of VASA-homologue protein is conserved in mammalian spermatogenic cells
Judging from the structural conservation among the vasafamily genes of many animal species, it is conceivable that anti-MVH antibody can recognize VASA-homologue proteins of other mammals. In an attempt to examine this possibility, testis sections prepared from several mammals, including the brush-tailed possum (Trichosurus vulpecula), horse (Equus caballus), pig (Sus domestica), cow (Bos primigenius), Japanese monkey (Macaca fuscata) and human, were stained with anti-MVH antibody. In all of these species, positive signals were detected in the cytoplasm of their spermatogenic germ cells (Fig. 7) ; the stron- gest signals were observed in the spermatocyte layer but no obvious signals were seen in elongated spermatids and spermatozoa. Granular staining in the perinuclear zone of round spermatids, which is thought to be a putative chromatoid body in the animals, was common to all animals examined. The same results were obtained in testis sections of rat and ying fox (Pteropus tonganus) (data not shown). These results strongly suggest that the expression and subcellular localization of VASA-homologue protein are evolutionally conserved at least in primates, ungulates, marsupials and chiropterans, and most likely in all mammals.
Discussion
MVH expression is restricted in germ cells and induced by cellular interaction with gonadal supporting cells
Speci®c antibody against the full-length of MVH protein enabled us to examine in detail the developmental pro®le of MVH-expressing cells. MVH expression was ®rst detected in PGCs colonizing the genital ridges of 10.5±11.5 d.p.c. embryos, was remarkably elevated in 12.5 d.p.c. PGCs and thereafter continued until spermatogenic cells and maturating oocytes in adult mice, whereas no MVH expression was found in migrating PGCs in 8.5±9.5 d.p.c. embryos. So far, the identi®cation of migrating and gonadal PGCs has been done with several cell markers, for example, the three monoclonal antibodies SSEA-1 (Solter and Knowles, 1978; Fox et al., 1981) , EMA-1 (Hahnel and Eddy, 1986) and 4C9 (Yoshinaga et al., 1991) , which recognize cell surface antigens of PGCs. The expression of Oct3/4 protein and the activity of tissue non-speci®c alkaline phosphatase (TNAP) are also used to distinguish PGCs in embryos after their allocation into the region of the extraembryonic mesoderm. However, these markers show a common reactivity against pluripotential cells such as inner cell mass (ICM), epiblastic cells and ES cells. Like TNAP, some of them also recognize somatic cells in several embryonic tissues such as the central nervous system (Fox et al., 1981; Yoshinaga et al., 1991) . Accordingly, none of these PGC markers can be regarded as being strictly speci®c for cells committed to germ cell differentiation. In contrast, MVH expression is strictly restricted in germ cells after their arrival in the embryonic gonad and is not detected in any other tissues or in embryonic pluripotential cells like ES and EG cells, indicating that gonadal PGCs are different from migrating PGCs and totipotential embryonic cells. The difference between PGCs before and after colonizing the gonads has also been indicated by expression of a mouse germ cell nuclear antigen 1 (GCNA1), which is recognized by a rat monoclonal antibody raised against mouse spermatocytes (Enders and May, 1994) . GCNA1 expression is exclusively detected in both male and female germ cells shortly after colonizing the gonads but unlike MVH, GCNA1 is expressed in some embryonal carcinoma cell lines. For PGCs, arrival in the genital ridges means initiation of a cell±cell interaction with gonadal somatic cells. In relation to this, we demonstrated using a co-aggregation culture with gonadal somatic cells that EG cells were induced to express MVH protein (Fig. 3) , indicating that the onset of the MVH expression is triggered by a germ±soma interaction which occurs in the gonads. Furthermore, it is noteworthy that ES cells did not exhibit MVH expression even in the same coaggregation condition. This different developmental competency detected between EG cells (derived from migrating PGC) and ES cells (derived from ICM) is the ®rst evidence indicating a distinct nature of the two embryonic totipotential cells, which must re¯ect a difference in their origins.
It is known that zygotic transcription of the vasa gene in Drosophila begins around the timing of migration toward the embryonic gonads and it continues until the formation of gametes (Van Doren et al., 1998) . This leads us to speculate that MVH expression is analogous to zygotic vasa expression in Drosophila and, therefore, the regulatory mechanism of zygotic expression of vasa-family genes has been conserved in the evolution between¯y and mouse. Moreover, it has been shown that interactions between germ cells and somatic mesodermal cells are required for the expression of a gene, indora, which functions in pole cells after the completion of pole cells migration into the gonads (Mukai et al., 1999) . These results suggest that germline-speci®c gene expression required for germ cell differentiation within the gonad may be generally dependent on interaction with surrounding somatic cells.
MVH protein does not reveal the presence of germ plasm structure
In C. elegans, Drosophila, and Xenopus, it has been revealed that their eggs contain maternally inherited cytoplasmic machinery for the determination of germ lineages, in which VASA-family proteins are involved. In the present study, immunohistochemical analysis revealed the presence of MVH protein in the cytoplasm of developing oocytes in adult mice. However, although MVH protein was uniformly detected in the primary oocyte cytoplasm, a marked decrease was observed as follicle maturation proceeded until an undetectable level in mature oocytes, in which no special localization was detected even by detailed confocal microscopic analysis (Fig. 4) . Therefore, we consider it unlikely that MVH protein, which accumulates in oocytes, plays a role as a maternal factor, consistent with previous morphological observations that no germ plasm-like structure is detectable in unfertilized and fertilized eggs in mice.
MVH protein is associated with chromatoid body formation during spermatogenesis
The chromatoid body is known to be a perinuclear granulo-®brillar complex in post-meiotic cells in many animal species, however, little is known about its function. Previous studies have indicated that the chromatoid body basically comprises proteins and RNAs and that the formation process exhibits features common to that of the germ plasm during oogenesis (Eddy, 1975) . In this study, we have demonstrated that MVH protein in round spermatids was closely associated with the chromatoid body (Fig. 6) . Moreover, anti-MVH staining showed that the granulo®brillar distribution of MVH protein became visible in zygotene spermatocytes, and it appeared to aggregate into several granules in pachytene-diplotene spermatocytes, ®nally forming a large single perinuclear granule in round spermatids at stage I±VII seminiferous tubules. These kinetics for MVH localization are highly coincident with the putative formation processes of the chromatoid body that have been suggested from electron microscopic analyses. Considering the similarities in structural features and speci®c localization of vasa-family proteins between the pole plasm in Drosophila oocytes and the chromatoid body in mouse spermatogenic cells, it is perhaps signi®cant to consider that both specialized cytoplasmic structures function on a common mechanism which plays a crucial role in directing RNAs to the proper pathway.
In Drosophila, VASA protein has been shown to form a complex with other proteins and to function in translational regulation of several genes, i.e. Oskar, Nanos and Gruken, involved in the assembly and function of polar granules or in the completion of oogenesis (Markussen et al., 1995; Rongo et al., 1995; Dahanukar and Wharton, 1996; Styhler et al., 1998; Tomancak et al., 1998) . Post-transcriptional regulation of germ cell-speci®c gene expression also plays an essential role in mouse spermatogenesis and the need for translational regulation mechanisms is mainly evident during the post-meiotic phase (for review see Eddy and Deborah, 1998) . Several haploid expressed genes which are transcribed during the meiotic and early post-meiotic phases, including testis nuclear RNA binding protein gene (Tenr; Shumacher et al., 1995) , transition protein 1 (Tp-1; Kleene et al., 1984) , protamine-1 (Prm-1; Braun et al., 1989) and protamine-2 (Prm-2; Kwon and Hecht, 1991) , are translated during the late post-meiotic phase after nuclear condensation and the termination of transcription. The rate-limiting steps, such as transportation and stabilization of transcripts and initiation of translation, are thought to be controlled by formation of a speci®c complex between multiple proteins and the untranslated regions of mRNA (Kwon and Hecht, 1991) . Analogous to the pole granule in Drosophila, it is most likely that the chromatoid body serves as a scaffold complex for the molecular mechanisms controlling the stabilization and translation of germ cellspeci®c transcripts. The present results show that MVH protein, a member of the RNA helicase family which includes eIF-4A, is organized in the chromatoid body. Recently, it has been reported that the mouse germ cellspeci®c RNA binding protein, p48/52, which is homologous emulsi®ed in Freund's complete adjuvant (DIFCO), and injected subcutaneously into a rabbit four times at 2-week intervals. The antiserum was puri®ed by af®nity chromatography using agarose-gel beads coupled with GST-MVH fusion protein and the resulting solution of puri®ed antibodies (0.43 mg protein/ml) was used as an original solution of anti-MVH antibody.
Western blot
Adult tissues were dissolved in a loading buffer (2% SDS, 10% glycerol, 100 mM DTT, 0.1% Bromophenol Blue, 50 mM Tris±HCl, pH 6.8) and the solutions were sonicated and boiled for 5 min. Aliquots containing approximately 20 mg protein were electrophoresed on a 7.5% SDS-polyacrylamide gel and transferred electrophoretically to an Immobilon ®lter (Millipore). After blocking treatment with 5% skim milk in PBS for 1 h, the ®lter was incubated overnight at 48C with diluted anti-MVH antibody (1:10 000) in PBS. After three washes in PBS, the ®lter was incubated for 1 h in alkaline phosphatase (AP)-conjugated goat anti-rabbit IgG (1:1000, BioRad) in PBS and then washed three more times in PBS. Finally, the ®lter was stained using AP-detection solution containing 4-nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) as the chromogen (Nacalai-Tesque, Kyoto, Japan).
Immunohistochemistry
ICR;Slc mice purchased from a local breeder (Shizuoka Lab. Center, Hamamatsu, Japan) were used. The day a vaginal plug was con®rmed was designated as 0.5 d.p.c. Embryos and adult tissues were excised and ®xed overnight at 48C with Bouin's solution (Sigma) or 4% paraformaldehyde in PBS, washed in PBS, passed through a graded series of ethanol, and then embedded in paraf®n (Paraplast plus, Oxford). The paraf®n sections (5 mm) were deparaf®nized, blocked in PBS containing 5% fetal calf serum for 2 h, and then incubated overnight at 48C with diluted anti-MVH antibody (1:1000 in PBS). After three 30 min washes in PBS, the sections were incubated overnight at 48C with AP-conjugated or horse radish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:200, BioRad) and washed three times in PBS. Sections were stained with NBT/BCIP solution for AP-conjugated antibody or with 0.2 mg/ml 3,3-diaminobenzidine (DAB), 0.03% H 2 O 2 in 0.1 M Tris±HCl (pH 7.5) for HRP-conjugated antibody. Testis sections of other animals were prepared as described previously (Tsunekawa et al., 1998 ) and stained as above.
For confocal imaging, sections of mouse testis after incubation with anti-MVH antibody were stained with Oregon Green-conjugated goat anti-rabbit IgG (Molecular Probes) for 1 h. After three washes in PBS, the sections were stained with propidium iodide (PI, 5 mg/ml, Sigma) solution for 1 h at room temperature. Dual images of Oregon Green and PI were obtained with excitation wavelengths of 476 and 514 nm using a confocal laser scanning system (MRC600; BioRad) with an Axioplan epi¯uorescence microscope (Carl Zeiss).
Whole-mount immunostaining
Embryos excised on 7.5±12.5 d.p.c. were ®xed overnight at 48C in Bouin's solution, washed three times (1 h) in PBS containing 1% Triton-X (PBS-T) and treated overnight at 48C with a blocking solution (PBS-T containing 5% fetal calf serum, 5% skim milk). The embryos were then incubated overnight at 48C with anti-MVH antibody (1:5000 in PBS-T). After three washes in PBS-T, the embryos were incubated overnight at 48C with AP-conjugated goat antirabbit IgG (1:1000 dilution in PBS-T) and washed again three times in PBS-T. The immunological signals were detected by enzymatic coloration using NBT/BCIP as the substrate.
Immuno-electron microscopy
Testes were dissected out and ®xed overnight at 48C in PLP solution (2% paraformaldehyde, 15% picric acid, 0.1% sodium cacodylate, pH 7.4), washed in PBS, and then embedded in OCT-compound (Tissue-Tek, Miles). The frozen sections (10 mm) were treated with a blocking solution (5% normal goat serum in PBS) for 2 h at room temperature, and incubated overnight at 48C in diluted anti-MVH antibody (1:20 in PBS-T). After three washes in PBS, the sections were incubated overnight at 48C in gold particle (1 nm)-conjugated anti-rabbit IgG (1:20 dilution in PBS-T, nanogold, Nanoprobes). After three washes in distilled water, the immunogold signals were enhanced using a Light Insensitive Silver Enhancer kit (Nanoprobes) for 10±20 min at room temperature. The sections were then washed in PBS, ®xed in 0.1% osmium tetroxide for 10 min, dehydrated in increasing concentrations of ethanol (70± 99%), and embedded in Epon 812. The ultrathin sections were viewed in an electron microscope (JEM-1200EX, JEOL, Japan).
Co-aggregation culture of EG cells and gonadal somatic cells
ES cells (E14) and EG cells (derived from migrating
PGCs at the 8.5 d.p.c. embryo) were cultured according to conditions previously described (Matsui et al., 1992; Labosky et al., 1994) . Gonadal somatic cells were fractionated from 12.5 d.p.c. male embryonic gonads on the basis of a differential adhesiveness between PGCs and somatic cells according to the method described by Hashimoto et al. (1990) . Male gonads were dissected out of 15 male embryos, dissociated to single cells by trypsin treatment (0.25%, 10 min) and resuspended in 10% FCS 1 DMEM culture medium without LIF and bFGF. After 5 h incubation on a tissue-culture dish, the¯oating and loosely adhering cells (PGC fraction) were separated from the tightly adhering cells (somatic cell fraction; contamination of PGCs was less than 1% as estimated by AP staining). For a mixed aggregation culture, 5 £ 10 5 EG (or ES) cells were mixed with an equal number of the fractionated somatic cells and the mixed cell suspension was incubated in 100 ml of Matrigel (Collaborative Biochem.). For the control, EG (or ES) cells alone, gonadal somatic cells alone or reconstituted aggregates containing both PGC fraction and somatic fraction cells were incubated in the same manner. For immunoblot analysis, aggregating cells were collected and dissolved in 20 ml of loading buffer. A half volume of each sample was analyzed as described above. For immunostaining, cell aggregates were collected and ®xed with 4% paraformaldehyde in PBS. Cell aggregates after incubation with anti-MVH antibody were stained with Texas-Red conjugated goat anti-rabbit IgG (1:500 dilution, Amersham) as described above.
RT-PCR analysis
Total RNA was extracted using TRIsol reagent according to the manufacturer's instruction (GIBCO-BRL). Single strand cDNAs were prepared from 1 mg RNA using a reverse transcriptase reaction (Superscript preampli®cation kit; GIBCO-BRL) and each PCR ampli®cation was performed in a 50 ml reaction mixture containing 100 ng of cDNA, 5 ng/ml of each primer and an Ex-taq system (Takara-Shuzo, Kyoto, Japan). The sequences of the primers detected for Mvh expression are 5 H -GGTCCAAAAGTGACATATATACCC-3 H (nt 718±741) and 5
H -TTGGTTG ATCAGTTCTCGAGT-3 H (nt 1137± 1117), corresponding to GPKVTYIP and TRELINQ, respectively (Fujiwara et al., 1994) . G3PDH primers used as a standard were purchased from Clontech (G3PDH control amplimer set). The cycling conditions were as follows: 1 min at 948C, 1 min at 588C and 1 min at 728C (25 cycles).
